A sulfur-containing styrene derivative, 4-methylenethiochromane (META), was subjected to anionic copolymerization with isoprene (Ip) modified with different additives. The reactivity of META can be effectively regulated with additives; thus, gradient and alternating copolymers were prepared in a facile manner. When THF and TMEDA were utilized in the copolymerization, the reactivity was better than that observed without additives, and thus, gradient copolymers with different gradient extents can be synthesized. In addition, metal alkoxides (such as sodium 2,3-dimethylpentan-3-olate (NaODP) and potassium tert-butoxide (t-BuOK)) were better able to regulate the reactivity, and the copolymers exhibited alternating and nearly alternating sequences. Therefore, the regulation of the alternating or gradient copolymerization of META and Ip was facilely realized through the use of additives.
Introduction
Gradient copolymers are novel materials in which the chemical composition distribution tapers across the whole chain [1] , and they have displayed properties that are more special and unique than block or random copolymers. Various key parameters, such as the segment mobility, solubility, and glass transition temperature [2, 3] are profoundly influenced by the gradient structure of the copolymer. Thus, the synthesis of copolymers with a gradient composition distribution has been an important goal for polymer chemists. Utilizing chain growth polymerization, the synthesis of a gradient structure requires the appropriate kinetic conditions because two monomers exhibiting significantly different reactivities can only generate a pure block structure [4] [5] [6] [7] [8] .
On the other hand, random polymerization dominates when the reactivities of the two monomers can be described by the mathematical relation r A Â r B % 1 [9] [10] [11] . It is hard to regulate the reactivity of monomers in controlled radical polymerizations (e.g., ATRP [12] [13] [14] [15] , and RAFT [16] [17] [18] [19] ) due to the nature of radical species. Thus, for a given copolymerization, only the monomer feeding strategy can be used to regulate the sequence [20, 21] . In contrast, the specific structure of a living species (i.e., the anion pairs, which can be regulated through solvents [22, 23] and additives [24] ) allows the composition distribution in the chain to be tuned for a given copolymerization. In the typical anionic copolymerization of styrene (St) and butadiene (Bd), the application of additives is key to the synthesis of block [25] or random sequences [26, 27] and the formation of a high content of 1,4 or 1,2 structures [28] . More importantly, the reactivity ratios of St and Bd can be facilely regulated, and block copolymers with tapered sections [short tapered sections from the Bd blocks to St blocks] could be extended to generate a gradient or even a random copolymer. In addition to this typical copolymerization method, 1,1diphenylethylene (DPE) derivatives have been widely used to synthesize sequence-controlled polymers via anionic polymerization [29] [30] [31] [32] [33] , and the reactivity of these DPE derivatives is an important consideration for regulating the monomer sequence.
According to previous research, regulating the reactivity of DPE derivatives by varying their chemical structures can effectively control the distribution of DPE derivative units in a chain [34, 35] . For instance, periodic copolymers can be formed when a DPE derivative with appropriate reactivity (r St = 0.69) is utilized with specific feeding ratios [36] . Therefore, in addition to varying the substituent structure, determining how to regulate the reactivity of a DPE derivative by controlling the kinetics requires more attention because the wellknown principles of anionic polymerization methods are not applicable here. In our previous investigation, the introduction of additives was explored for tuning the reactivity of 1-(4-dimethylaminophenyl)-1-phenylethylene (DPE-NMe 2 ) and regulating its sequence distribution [24] . However, due to the low reactivity of DPE-NMe 2 , a wider variety of additives were introduced, and the distribution of DPE-NMe 2 was still focused at the chain end. In addition, when controlling the sequence with DPE derivatives, the diversity of comonomers is also a bottleneck because only St has been well utilized. When DPE derivatives are copolymerized with dienes (which are commonly used in industrial and academic research) [37, 38] , the DPE derivatives exhibited much lower reactivities. Thus, addressing the problem of the existence of fewer types of comonomers has also become an urgent matter.
In this paper, the sulfur-containing St derivative 4methylenethiochromane (META), which has been copolymerized with St to prepare alternating structures, and isoprene (Ip) were used to realize a controlled anionic copolymerization. More importantly, the influence of metal alkoxides (e.g., sodium 2,3-dimethylpentan-3-olate (NaODP) and potassium tert-butoxide (t-BuOK)) and polar additives (e.g., tetrahydrofuran (THF) and N,N,N',N'-tetramethylethylenediamine (TMEDA)) on the sequence regulation and microstructure were deeply investigated. These modifiers can not only regulate the reactivity of META and control the microstructure of Ip in the chains but also make this system suitable for many applications.
Experimental procedure
Materials Ip (Aladdin, 99%), benzene (Sinopharm, 99%), THF (Sinopharm, 99%), potassium tert-butoxide (t-BuOK) (Energy Chemical, 98%), methyltriphenylphosphonium bromide (Energy Chemical, 98%), thiochroman-4-one (Energy Chemical, 98%), TMEDA (Energy Chemical, 99%), and 2,3dimethyl-3-pentanol (Energy Chemical, 99%) were purchased and purified as received unless otherwise stated.
The purifications of benzene and THF and the synthesis of sec-BuLi were carried out under high vacuum, and the details of those procedures have been reported in our previous work [39] . Ip was purified by stirring over CaH 2 overnight, and then di-n-butylmagnesium (2 mL) was added into the system. After stirring for 4 h, the desired product was obtained by distillation. The synthetic procedure used to prepare sodium 2,3-dimethylpentan-3-olate (NaODP) was similar to what we published previously [40] . TMEDA was purified by stirring over Na for 3 days followed by distillation, and this procedure was performed three times. t-BuOK was dissolved in benzene to prepare a solution of t-BuOK. The concentrations of sec-BuLi, NaODP, and t-BuOK were 0.3773, 0.2423, and 0.1535 mol L −1 , respectively, as determined by titration. Instrumentation 1 H/ 13 C NMR (5 wt%, CDCl 3 ) spectra were recorded on a Bruker Avancell 500 MHz NMR spectrometer with (CH 3 ) 4 Si (tetramethylsilane, TMS) as the internal standard. Sizeexclusion chromatography (SEC) was performed on a Waters HPLC system (2414 refractive index detector) at a flow rate of 1.0 mL/min in THF at 30°C after calibration using polystyrene standards. The sample preparation details for gas chromatography/triple quadrupole mass spectrometry (EI source, American Agilent Corporation, 7000B) and differential scanning calorimetry (TA, Q20) were mentioned in our previous report [24] .
Synthesis of the META
The details of the synthesis process were reported in our previous work [41] .
Polymerization procedure
The syntheses of copolymers of Ip and META with different additives followed similar synthetic procedures. Therefore, the synthesis of the copolymer of META and Ip with NaODP as an additive is provided as an example. The polymerization of META in benzene was conducted using sec-BuLi as the initiator in a glovebox. The polymerization of META (0.476 g, 2.93 mmol) in 5 mL of benzene was initiated by injecting 0.053 mL (0.02 mmol) of sec-BuLi at room temperature, and the red wine color of the META anion appeared immediately following the injection. After 30 min, Ip (0.1 g, 1.47 mmol) was added into the reaction, and then 0.041 mL (0.01 mmol) of NaODP was immediately injected. The reaction was terminated by the addition of isopropanol 4 days later, and the product was precipitated with enough methanol and subsequently dissolved in an appropriate amount of THF; this process was repeated twice to ensure that residual monomers were completely removed.
Results and discussion
META is a novel St derivative containing a sulfur atom in its benzo-cycloalkane substituent, and due to the presence of its bulky cyclic structures, it is nonhomopolymerizable, analogous to 1,1-DPE derivatives. During the copolymerization of 1.0 equiv. of META with St, the monomer sequence was alternating, which indicated that META was more reactive, and these properties of META were reported in our previous work [41] .
Due to the high reactivity that META displayed during the copolymerization with St, Ip was copolymerized with META to investigate the microstructure of the products and the sequence of the polymer chain produced by LAP. Therefore, the copolymerization was conducted as shown in Scheme 1, and the products were carefully characterized by 1 H/ 13 C NMR spectroscopy, as shown in Figs. 1 and 2 and Supplementary Figs. S1-S4. In addition, the SEC curves obtained for the copolymers were unimodal and narrow, which indicated that no unexpected side reactions occurred during the polymerization, even when various additives were present in the reaction (the corresponding SEC curves are shown in Fig. 1 ). In addition, by carefully analyzing the 1 H/ 13 C NMR spectra, the peaks at 7.8-6.5 ppm can be attributed to Ar-H, the peaks at 5.6-4.9 ppm can be attributed to the 1,4 structure of the Ip unit, and the peaks at 4.9-4.5 ppm can be attributed to the 3,4 structure of the Ip unit. The ratio of META and Ip units in the chain can be calculated by the formulas that are listed in Supplementary Eqs. (S1) and (S2), and the results of these calculations are listed in Table 1 .
First, the copolymerization of 1.0 equiv. of META with Ip was performed. Analysis of the 1 H NMR spectra showed that the value of [META]/[Ip] in the chain was 0.15, which indicated that META was considerably less reactive than Ip, and Ip showed a very strong tendency to homopolymerize Table 1 . Although a sulfur atom was introduced into the chain, the growth of Ip blocks was the same as that in the Ip homopolymer by LAP, in which the main structure was a cis-1,4 structure. Then, the feeding ratio of [META]/[Ip] was increased to 2:1, and various additives were added to the reaction not only to increase the reactivity of META but also to adjust the microstructure of Ip in the chain. Thus, the copolymerization of META and Ip in benzene initiated by a sec-BuLi complex using 1.0 equiv. of N,N,N′,N′-tetramethylethylenediamine (TMEDA) was conducted. Based on the 1 H NMR spectra, the ratio of META units to Ip units in the chain was not significantly different compared with that observed in Run 1, which indicated that TMEDA had little effect on the reactivity of META. In addition, the copolymer sequence obtained from Run 2 showed a gradient structure. Due to the small amount of TMEDA introduced, the amount of 3,4 structures in the copolymer could be increased.
To further investigate the influence of the additive polarity on the copolymerization, a small amount of THF Chemical shift (ppm) 16 9' 5' The Mn and PDI values of the copolymers were determined using SEC with PS standards e The average number of META units incorporated into the polymer chain was calculated from the 1 H NMR spectra shown in Fig. 1 in the main text via Supplementary Eq. (S1) f The average number of Ip units incorporated into the polymer chain was calculated from the 1 H NMR spectra shown in Fig. 1 in the main text via Supplementary Eq. (S2 g Experimental reactivity ratio in the copolymerization h r IP cannot be calculated using the Mayo-Lewis equation was added to the reaction. Adding 10 equiv. of THF significantly increased the reactivity of META, and the insertion of META units was greatly increased. However, a gradient sequence was still obtained. In addition, adding THF significantly changed the microstructure, and a relatively high content of 3,4 structures was formed.
NaODP and t-BuOK are metal alkoxide additives, and when 0.5 equiv. of NaODP was introduced to the reaction (as in Run 4), the reactivity of META significantly increased, as shown by the ratio of META to Ip units in the chains, and the sequence of the copolymer was approach alternating. When 0.5 equiv. of t-BuOK was added, the reactivity of META was similarly improved, and an alternating structure was obtained. When both NaODP and t-BuOK were used as additives and added to the reaction, the content of 3,4 structures was increased. In addition, because Run 5 afforded a completely alternating sequence, the content of 3,4 structures was lower in Run 5 than in Run 4.
Next, NMR methods (DEPT 135°-13 C NMR, 1 H-13 C HSQC, and HMBC) were utilized to carefully analyze the microstructure of the copolymer (Run 5), as shown in Fig. 2 . The copolymer possesses a distinctive quaternary carbon atom (carbon 16) in the chain, and its chemical shift was 40-41 ppm. In the HSQC spectrum (one region of the spectrum is shown in Fig. 3 , and the whole spectrum is shown in Supplementary Fig. S5 ), the =CH groups in the Ip units directly correlate with the unsaturated tertiary carbons (C6 (124.6 ppm) for Ha (5.0 ppm) and C6′ (120.0 ppm) for Hb (4.9 ppm)), while the =CH 2 groups in the Ip units directly correlate with the unsaturated secondary carbons (C14 (112.1 ppm) for Hc (4.6 ppm)). In addition, the chemical shifts of the methyl group in the Ip units were important for distinguishing cis-1,4 and trans-1,4 structures. The HMBC spectrum clearly showed indirect correlations between peaks C8 (16.5 ppm) and Ha and between C8′ (23.8 ppm) and Hb. We know that the chemical shift of the methyl group in the trans-1,4 structure was lower than that in the cis-1,4 structure. Thus, C8 corresponds to the CH 3 groups in trans-1,4 units, and C8′ corresponds to the CH 3 groups in cis-1,4 units. In addition, the content of cis/trans-1,4 structures and 3,4 structures could be calculated by the formulas listed in Supplementary Eqs. (S3)-(S6), and the results are listed in Table 1 .
To theoretically understand the structure of META-Ip-Li and META-Ip-Li-t-BuOK obtained by living anionic polymerization, DFT using the M062x/6-31 G(d) method was applied with Gaussian 09. When t-BuOK was added, the results show a coordination structure involving Li, O, K, and C atoms, as shown in Fig. 4 . Natural bonding orbital (NBO) analysis showed that the Li atom, which is an electron acceptor, and the O atom, which is the donor, formed a strong interaction, and the energy of the Li-O interaction was~7.33 kcal mol −1 . In addition, the C1′ and K atoms were still coordinated with the Li atom, and the energies of these interactions are listed in Supplementary Table 1 . In addition, natural charges were obtained by NBO analysis, and the corresponding values are listed in Supplementary Table 2 . Due to the interactions between Li, O, K, and C1′, a fourmembered ring is formed in the living species, which has been reported to be a structural modifier that could be utilized to regulate the living anionic copolymerization [42] . In addition, by carefully analyzing the simulation results, Li Investigation on the alternating and gradient anionic copolymerization of 4-methylenethiochromane. . . atoms do not interact with the sulfur atoms regardless of whether t-BuOK is added, and the interaction between the monomers and living centers was generally ignored because they were too far away to affect the living species, especially in solution polymerizations, which indicated that the S atom has no influence on the Ip units. Thus, the regular Ip stereoisomer units in the chain are the same as those occurring in traditional anionic polymerizations, and they mainly exist as cis-1,4 structures. The thermodynamic properties of the copolymers were also investigated, and the results are listed in Table 1 . The DSC curves are shown in Supplementary Fig. S6 . When META, which is a benzo-cycloalkane, was used as an αsubstitute, the thermal properties of the copolymers were substantially different from those of the copolymers containing St and Ip. Typically, the T g of Ip homopolymers is approximately −70°C, and from the DSC results of Run 1 and Run 2, which show that only approximately four and seven META units were incorporated into the chain, and the T g values of the copolymers were markedly increased over that of the Ip homopolymer. Due to the size of the benzocycloalkanes, incorporating a META unit into the chain hindered the mobility of the segment. Thus, as the number of META units incorporated into the polymer chain increased, the T g improved.
As mentioned above, during the copolymerization of META and Ip without additives, META exhibited a lower reactivity than the Ip units and were difficult to incorporate into the polymer chain, and the polymer chains tended to show gradient sequences. Then, to improve the reactivity of META, various additives were incorporated into the reaction. sec-BuLi complexed with TMEDA in benzene was used in the polymerization, and the amount of META units inserted into the polymer chain was similar to that observed without additives, which indicated that TMEDA had little effect on META. The polymer chain exhibited a gradient structure (Run 2). Using a small amount of THF as an additive significantly increased the reactivity of META, and the content of 3,4 structures was increased compared with that obtained without additives. Although the amount of META units incorporated into the chain increased, the sequence of the polymer chain was still a gradient. When THF and TMEDA were used as additives, the O or N atom was coordinated with the Li, and a (P-Li)(THF/TMEDA) n complex was generally formed, and the living species having this structure increased the incorporation of META units. Furthermore, when NaODP and t-BuOK, metal alkoxide additives, were added to the reaction, the Na/K and O atoms of the NaODP/t-BuOK coordinated with the Li to form four-membered rings. The living species of the copolymerization was [(P,Li)OR]Na/K [24, 42] , which increased the insertion of META units compared with that without additives and the content of 3,4 structures increased. In addition, the copolymerization was performed in a polar solvent (such as THF), and although an alternating structure was obtained, unfortunately, the SEC curve displayed two peaks, which indicated that a side reaction occurred during the copolymerization.
From the above discussion, TMEDA had little effect on META, whereas NaODP, t-BuOK, and THF promoted the incorporation of META units. All the above-mentioned additives could increase the content of 3,4 structures. Thus, this work provides insight for improving the reactivity of monomers during polymerizations and controlling the resulting polymer sequences. Fig. 4 Optimized structure of META-Ip-Li and META-Ip-Lit-BuOK (the polymerization of META was initiated by sec-BuLi and propagated with one isoprene unit, and t-BuOK was used as the additive), simulated by DFT calculations with Gaussian 09 using the M062x/6-31+g(d) method
Conclusion
In summary, we introduced a novel sulfur-containing monomer to the copolymerization with Ip, and the sequence of the copolymer chain and microstructure were defined. During the copolymerization without additives, the reactivity of META was lower than that of Ip, and incorporating META units into the polymer chain was difficult. Thus, various additives were used not only to improve the reactivity of META but also to adjust the microstructure of the copolymer. When TMEDA and THF were utilized as additives, the reactivity of META improved, and various gradient structures were obtained. In addition, when NaODP and t-BuOK were introduced to the reaction, the reactivity of META greatly improved, and the incorporation of the META unit was promoted. When t-BuOK was added as an additive, an alternating copolymer was obtained. In addition, the simulated results of META-Ip-Li-t-BuOK calculated by DFT can be utilized to suggest the active species and the microstructure of the polymer chain. Then, the above-mentioned additives could be used to increase the content of 3,4 structures compared with that obtained without additives. Unfortunately, side reactions occurred during the copolymerization with THF as the solvent. By adjusting the additives used, gradient and alternating sulfur-containing copolymers were obtained, and the thermal properties of the copolymers improved as more META units were incorporated into the chain. Therefore, the sequence-controlled living anionic copolymerization of sulfur-containing monomers with various olefins is a valuable technique for synthesizing highperformance polymer materials.
